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ABSTRACT: We propose a new model for the c(4 × 2) phase
of sulfur adsorbed on Au(110). This is a reconstruction
achieved by short-range rearrangements of Au atoms that create
a pseudo-4-fold-hollow (p4fh) site for adsorbed sulfur. The
model is based partly upon the agreement between
experimental STM images and those predicted from DFT,
both within c(4 × 2) domains and at a boundary between two
domains. It is also based on the stability of this structure in
DFT, where it is not only favored over the chemisorbed phase
at its ideal coverage of 0.25 ML, but also at lower coverage (at T
= 0 K). This is compatible with the fact that in experiments, it coexists with 0.06 ± 0.03 ML of sulfur chemisorbed on the (1 × 2)
surface. The relative stability of the c(4 × 2) phase at 0.25 ML has been veriﬁed for a variety of functionals in DFT. In the
chemisorbed phase, sulfur adsorbs at a pseudo-3-fold-hollow (p3fh) site near the tops of rows in the (1 × 2) reconstruction. This
is similar to the fcc site on an extended (111) surface. Sulfur causes a slight separation between the two topmost Au atoms, which
is apparent both in STM images and in DFT-optimized structures. The second-most stable site is also a p3fh site, similar to an
hcp site. DFT is used to construct a simple lattice gas model based on pairs of excluded sites. The set of excluded sites is in good
qualitative agreement with our STM data. From DFT, the diﬀusion barrier of a sulfur atom is 0.61 eV parallel to the Au row, and
0.78 eV perpendicular to the Au row. For the two components of the perpendicular diﬀusion path, that is, crossing a trough and
hopping over a row, the former is considerably more diﬃcult than the latter.
1. INTRODUCTION
There are many motivations to understand the interaction of
sulfur with coinage metal surfaces, particularly when those
metals are in the form of nanoparticles. The coinage metals can
be useful as nanoparticles because of their plasmonic and
catalytic properties, oxidation-resistance, and (in the case of
Au) unique suitability as platforms for self-assembled
monolayers.1 Within the context of these properties, sulfur is
an important adsorbate. In self-assembled monolayers of
alkanethiols on Au, S anchors the molecular scaﬀold to the
surface, and so Au−S chemistry is critical.2 Also, S can strongly
inhibit or accelerate transport of metals on Cu, Ag, and Au
surfaces, which in turn can aﬀect the stability of nanostructures.
For instance, sulfur can be a capping agent and anticoagulant
for Au nanoparticles.3 In other circumstances, it can accelerate
coarsening of surface-supported Cu and Ag nanoparticles via
the formation of mobile metal-S complexes.4
We are conducting a systematic survey of the interaction of
sulfur with coinage metal surfaces, including Au surfaces, under
conditions of ultralow coverage and low temperature. This
regime is essentially uncharted, perhaps because the default
expectation is that one will simply ﬁnd isolated chemisorbed
adatoms. On the contrary, this regime is rich with unexpected
phenomena, including new ordered structures5 and stoichio-
metric surface−metal complexes.6,7
In this paper, we report an exploration of the interaction of
sulfur with Au(110). No complexes form in this system (under
the conditions of our experiments), but we ﬁnd an intriguing
condensation of sulfur adatoms at low coverage into a surface
reconstruction. This is the ﬁrst time this system has been
characterized using direct imaging at the atomic scale, which in
this case is achieved with scanning tunneling microscopy
(STM). Interpretation of the experimental data relies heavily
on theoretical analysis, primarily density functional theory
(DFT).
Bulk-terminated Au(110) is a row-and-trough structure.
However, this (1 × 1) surface reconstructs into a (1 × 2)
structure in which every other row is missing. This exposes
deeper troughs with sides that can be considered (111)
microfacets.8−11 Adsorption of sulfur on this surface has been
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studied previously, although the methods of producing the
surface diﬀer considerably. This is because exposure to gas-
phase H2S is a convenient and conventional route to sulfur
adsorption on most surfaces, but for Au(110) the sticking
coeﬃcient of H2S is very low. To circumvent this, conditions of
relatively high H2S pressure
12 have been used, and also low-
temperature adsorption followed by electron beam irradi-
ation.13 Exposure to S2(g) via an electrochemical cell has also
been used,14 and it is the method of choice in this work. We
review the results of past studies brieﬂy now, though
comparisons must be taken with some caution because of
this wide variation in experimental conditions.
Kostelitz et al.12 exposed the surface to H2S at 10
−3 Torr.
They constructed a phase diagram, using radioactive tracer 35S
to calibrate absolute sulfur coverages (θS). Reversible phase
boundaries were identiﬁed using low-energy electron diﬀraction
(LEED). At 300 K, they identiﬁed a narrow coverage range of
(1 × 2) phase (i.e., sulfur chemisorbed on the intrinsic metal
surface), a broad coexistence range of (1 × 2) and c(4 × 2)
phases, and then a broad region of c(4 × 2) phase alone. They
reported sulfur coverage in absolute terms of g/cm2. If those
values are converted to absolute monolayers (ML) relative to
the unreconstructed (1 × 1), the (1 × 2) phase existed alone up
to 0.08 ML, and coexisted with the c(4 × 2) phase up to 0.36
ML (at 300 K). The c(4 × 2) phase then existed alone from
0.36 to 0.54 ML and was replaced by other structures at higher
coverage. Kostelitz et al.12 proposed that the c(4 × 2) structure
was a coincidence lattice of adsorbed sulfur atoms (Sad) on the
(1 × 1) with ideal coverage 0.75 ML, even though the c(4 × 2)
completely disappeared well before that coverage.
Jaﬀey et al.13 studied this system using temperature-
programmed desorption (TPD) and AES. They prepared the
sample using H2S exposure at 105 K and electron-beam
irradiation. Like Kostelitz et al., they observed three stages of
order via LEED, as a function of increasing sulfur coverage: (1
× 2) alone, coexistent (1 × 2) and c(4 × 2), and ﬁnally, pure
c(4 × 2).
Krasnikov et al.14 used an electrochemical source to deposit S
at 300 K. After extensive annealing at elevated temperature,
which was accompanied by loss of Sad via desorption, they
observed new LEED patterns corresponding to p(4 × 2) and
c(4 × 4) structures, with coverages of 0.13 and 0.2 ML,
respectively. The intensity−voltage (I−V) curves of the p(4 ×
2) structure were nearly identical to those of the clean (1 × 2)
surface, leading Krasnikov et al. to conclude that this was a
chemisorbed phase on the (1 × 2) Au surface. They suggested
that S adsorbs in sites at the bottom of the troughs between Au
rows.
Most recently, Lahti et al.15 reanalyzed the p(4 × 2) structure
using DFT and LEED. Like Krasnikov et al., they concluded
that it is a chemisorbed phase, but unlike Krasnikov et al., they
determined that S adsorbs at a pseudo-3-fold-hollow (p3fh) site
on the side wall of the trough.
In summary, a variety of phases have been reported for Sad on
Au(110). At room temperature, the phases are (1 × 2) and c(4
× 2), but neither has been identiﬁed or explored with STM or
DFT. The accepted model for the c(4 × 2) phase has an ideal
coverage of 0.75 ML, but experimental data appear more
compatible with signiﬁcantly lower values.12
In this paper, we directly observe a disordered chemisorbed
phase on the (1 × 2) reconstruction. We also observe and
characterize a c(4 × 2) phase that coexists with low coverages
of Sad in the chemisorbed phase This is compatible with the two
earlier reports12,13 of (1 × 2) and c(4 × 2) phase coexistence.
However, we propose a new model for the c(4 × 2) phase in
which the ideal sulfur coverage is 0.25 ML. It is a reconstruction
that is displacive, that is, one in which the density of Au
adatoms is conserved. Consequently, the chemisorbed (1 × 2)
phase can transform to the c(4 × 2) phase via local Au
rearrangement. The c(4 × 2) phase exists as large and near-
perfect domains, without the small islands that would be the
normal remnants of a nucleation and growth process.
This paper is organized as follows. Section 2 describes the
experimental and computational methods. Section 3 presents
the results, organized around individual surface phases and
features. Section 4 discusses the results and places them in the
context of existing literature.
2. EXPERIMENTAL AND COMPUTATIONAL DETAILS
2.1. Experimental Description. These experiments were
carried out with the same equipment and techniques, as used in
our previous studies of S on Au(111),5 S on Ag(111),16 and S
on Cu(111).6,17 In short, the experiments were performed at
RIKEN Surface and Interface Laboratory in Wako, Japan. The
sample was imaged with STM at 5 K in ultrahigh vacuum
(pressure < 6.0 × 10−11 Torr). An electrochemical cell served as
the S source in situ.18 Coverage was determined from STM
images as described below.
During S deposition, the sample was held at 300 K, then
cooled to 5 K for measurement. Cooling and thermal
stabilization at 5 K took place in 50 min or less. After initial
STM measurements, the sample was warmed back to room
temperature and recooled to 5 K, with no eﬀect on the
observations at 5 K. During imaging, there was no evidence of
tip perturbation or surface diﬀusion; surface structures were
entirely static. For most images after sulfur adsorption, the
tunneling current (I) was 1.00 to 1.80 nA, and the sample bias
(VS) was −1.0 to +1.0 V. Exact tunneling conditions are
provided in the Supporting Information.
The single crystal Au(110) sample was cleaned via several
cycles of Ar+ sputtering (10−15 μA, 1.55 kV, 10 min) and
annealing (735 K, 10 min).
The accuracy of STM-derived spatial dimensions was
checked by measuring a1 and 2a2, which are the atomic
separation of surface Au atoms in the clean (1 × 2)
reconstruction along the [11̅0] direction (parallel to the
close-packed rows) and [001] direction (perpendicular to the
rows), respectively (see Figure 1a). These experimental values
were 0.30 ± 0.01 and 0.82 ± 0.02 nm, respectively. Within
stated uncertainties, these equal the bulk parameters19 of 0.288
and 0.816 nm, respectively. The measured height of monatomic
steps on Au(110)-(1 × 2) was 0.13 ± 0.01 nm, in agreement
with the bulk interplanar spacing of 0.144 nm.
Two types of sulfur coverage θS were determined: coverage
on the (1 × 2) reconstructed areas, θS
1×2, and total coverage,
θS
tot. The former was obtained from the number of bright dots
in STM images per unit area on the (1 × 2) structure, divided
by the number of Au atoms per unit area in a bulk (110) plane.
When the c(4 × 2) was present, its contribution to θS
tot was
determined by measuring its fractional area and assigning it a
sulfur coverage of 0.25 ML, as justiﬁed in Section 3. Our
experiments spanned the range 0.01 ≤ θS1×2 ≤ 0.09 and 0.01 ≤
θS
tot ≤ 0.17.
2.2. Computational Description. To assess relative
stabilities of surface structures, we used the VASP code with
the projector-augmented wave (PAW) method20 and the PBE
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functional.21 Details have been given elsewhere.7,22 Cutoﬀ
energy for the plane-wave basis set was 280 eV. For each
supercell, we used a minimal k-points grid that corresponded to
the (12 × 8 × 1) grid for the primitive unit cell as closely as
possible. Denser k-points grids that corresponded to the (24 ×
17 × 1) grid were used in select cases to achieve higher
precision.
The quantum size eﬀect (QSE) can be strong in noble
metals, particularly for (110) surfaces, leading to oscillations in
energetics with slab thickness.9,23 Precise estimation of
energetics (within 8 meV or better) can be achieved by
averaging over slab thicknesses.24 In this work, chemical
potentials or formation energies were calculated using a range
of slab thickness L = 7−12. Here we used thicker slabs than in
previous work with Au(111)5 because of the strong QSE.
Energy uncertainties were derived from variations due to slab
thicknesses24 and are denoted in parentheses. For example,
2.41(8) eV can be read as 2.41 ± 0.08 eV.
Simulated STM images were generated with L = 5, using the
Tersoﬀ−Hamann method. Unless noted otherwise, the images
were based upon integration over an energy window bracketing
EF by ±0.1 eV. In all depictions of DFT-optimized
conﬁgurations, or DFT-based STM simulations, the [11̅0]
direction is vertical and the [001] direction is horizontal, which
is very close to the orientation of the STM images, as shown in
Figure 1.25
3. EXPERIMENTAL AND COMPUTATIONAL RESULTS
3.1. Overview. Typical images of the clean Au(110)-(1 ×
2) surface are shown in Figure 1 at three magniﬁcations. The
bright, nearly vertical rows in the topographic images are the
topmost rows of Au in the reconstruction. The result of sulfur
adsorption on this surface is shown in Figure 2, with increasing
sulfur coverage. Sulfur adsorption produces a phase consisting
of bright spots on the (1 × 2) regions at low coverage, as well
as a distinctive, large-scale phase at higher coverage. The ﬁrst of
these is the chemisorbed phase. The second is the c(4 × 2)
phase, based on the lattice parameter and orientation of its
features. These phases are discussed individually below, where
the experimental interpretation relies heavily upon DFT.
In DFT, we have made an extensive survey of many possible
conﬁgurations and reconstructions. In the following text, only
the most salient results from this broad search are given, that is,
those most important for interpreting the experimental data.
Regarding energetics, the ﬁgure of merit is the chemical
potential, μS, of an AumSn species with respect to the clean,
reconstructed (1 × 2) Au surface (μS
r) or with respect to the
clean, unreconstructed (1 × 1) Au surface (μS
u). In either case,
if m = 0, μS corresponds to the adsorption energy of Sad. Details
about the deﬁnition and implementation of μS are provided in
the Supporting Information. Notably, DFT yields values of μS
at T = 0 K.
3.2. Chemisorbed Phase: Sulfur on the (1 × 2) Au
Reconstructed Surface. Adsorption Site of Sad. A close-up
image of the chemisorbed phase at relatively low coverage, 0.01
ML, is shown in Figure 3a. Bright dots appear to be randomly
located on the (1 × 2) surface. Each spot is close to, but slightly
oﬀ-center from, the top row of Au atoms.
We assign the bright spots as individual sulfur adatoms (Sad),
based on analysis of DFT energetics and corresponding
simulated STM images.
For Sad on the (1 × 2) surface, DFT indicates that S binds to
two Au atoms in the protruding row, and to a third Au atom
along the side of the trough, as shown in Figure 3b. This p3fh
Figure 1. STM images of clean Au(110). In each pair, the top panel is
topographic and the bottom panel is diﬀerentiated: (a) 30 × 30 nm2
image, encompassing two terraces; (b) 10 × 10 nm2 image, showing
rows along a step edge; (c) 5 × 5 nm2 image, with atomic resolution
along the rows of the (1 × 2) reconstruction. The rectangle shows the
(1 × 2) surface unit cell. There is some distortion from drift, which
increases with increasing magniﬁcation (a)−(c).
Figure 2. STM images after S adsorption. All images are 15 × 15 nm2.
(a) θS
tot = 0.01 ML. (b) θS
tot = 0.03 ML. (c) θS
tot = 0.05 ML. (d) θS
1×2
= 0.04 ML, θS
tot = 0.15 ML. (e) θS
1×2 = 0.09 ML, θS
tot = 0.17 ML. (f)
Diﬀerentiated image of (e).
Figure 3. Top views of the Au(110) surface. (a) STM image at θS
1×2 =
θS
tot = 0.01, 5 × 5 nm2. The bright stripes are top rows of Au atoms in
the (1 × 2) reconstruction, and the brighter spots are sulfur adatoms.
The arrow shows an indentation in a Au row adjacent to a sulfur
adatom. (b) Optimized conﬁguration of sulfur atoms (yellow circles)
in the most favorable adsorption sites, in a p(4 × 4) superlattice, from
DFT. White circles are Au atoms in the topmost layer, and gray circles
are Au atoms one layer below. The scale is the same as in panel (a).
(c) Simulated STM image based on (b), at the same scale. The arrow
points to an indentation in a row, similar to (a).
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site is consistent with the oﬀ-center location of the bright spots
in STM. It is the same site identiﬁed by Lahti et al.15 for a
diﬀerent chemisorbed phase. From DFT, the second-most-
stable site on the (1 × 2) surface has Sad coordinated to one Au
atom in the top of the row, and two Au atoms along the side of
the trough. Hence, this is also a p3fh site, but it involves a
diﬀerent combination of Au atoms. (This site was overlooked
by Lahti et al.15 in their ranking of adsorption site energetics on
the basis of DFT. The remainder of their ranking is consistent
with our calculations.) The second p3fh site is important
because it plays a role in diﬀusion, discussed below.
Our STM and DFT also provide new structural information.
Each Sad spot is accompanied by an indentation in the row of
Au atoms, which makes the Au rows appear slightly nonlinear.
The arrow in Figure 3a points to one such indentation. DFT
indicates that this is due to a separation between pairs of top Au
atoms adjacent to each Sad 14% larger than in the bulk. The
indentation is reproduced well in the simulated STM image of
Figure 3c.
Rarely, we observe other types of features on the (1 × 2),
such as clusters of very bright spots. An example is encircled in
Figure 2c. However, these are infrequent and irregular in shape.
In the coverage range studied herein, individual Sad is certainly
the dominant motif on the (1 × 2) regions.
Characteristics of Sad in STM. Most of our STM
experiments are conducted in a range of tunneling parameters
from −1.0 V to +1.0 V and 1.0 nA to 1.8 nA. Within this range
(and even down to VS = −3.0 V), there is no systematic trend
in the area (A) or height (ΔH) of the Sad features. The values
are A = 0.15 ± 0.03 nm2 and ΔH = 0.039 ± 0.001 nm. For both
quantities, the highest point in the row of Au atoms is deﬁned
as baseline. The value of ΔH is at least a factor of 2 lower than
the vertical internuclear separation between Sad and the
topmost Au atom, which is 0.096−0.114 nm from DFT
(depending upon exactly which Au atom in the adjacent row is
the reference point). This follows a pattern established in
previous STM+DFT studies of S/Ag(111),26 S/Au(111),5 and
S/Cu(111).6,17 Apparent heights in STM of Sad, S-containing
complexes, and even S-induced reconstructions are smaller than
atomic dimensions. At present, this eﬀect is not understood.
Step Edges. Steps of the chemisorbed phase contain some
Sad, but the concentration is about the same as on the terraces.
In other words, the steps are not preferentially decorated with
Sad. This is true both for steps parallel to the atomic rows and
those cutting across the rows. Evidence is given in Figure 4.
This contrasts the (111) surface of Au, as well as Cu and Ag,
where there is strong preferential adsorption at steps.
The reason for this relative inertness is that steps on the
reconstructed (110) do not oﬀer adsorption sites that diﬀer
(locally) from sites on the terraces. Steps parallel to the rows
present a (111) microfacet, like the (111) microfacets of the (1
× 2) reconstructed terraces, but deeper.27,28 These can
accommodate Sad at p3fh sites, like the two adatoms on the
long step edge in Figure 4a. However, the rows occasionally
terminate in large, bright features that could be localized S-
induced reconstructions or complexes. An example is visible in
Figure 2d.
Adsorption Energy, Interactions, and Coverage Eﬀects.
Figure 5 shows μS
r versus 1/ θS, for supercells spanning
coverages from 0.06 to 0.50 ML. (In Figure 5, 1/θS is the
preferred abscissa because it is the thermodynamic conjugate to
μS.
29) The linear segments connect a series of simple structures,
all with Sad in the same (optimized) adsorption site on the (1 ×
2) surface and one Sad per supercell. We deﬁne this series of
linear segments as the baseline energetics, against which other,
more complex structures can be compared. Figure 5 shows that
the adsorption energy of these conﬁgurations depends only
weakly on sulfur coverage between 0.06 and 0.25 ML. This
means that the value μS
r = −1.320(8) eV, at lowest coverage, is
a good approximation to the value in the limit of zero coverage.
The value μS
r = −1.320(8) eV is signiﬁcantly higher than the
value −1.476 eV reported by Lahti et al.15 An examination of
diﬀerences between the two calculations, and their eﬀects on
μS
r, reveals that the main source of discrepancy is the energy of
S2,g, E(S2,g). This energy is a reference point for μS (cf.
Supporting Information). We use spin-polarized DFT to
determine this quantity, whereas Lahti et al. used nonspin-
polarized DFT. The ground state of a S2 molecule (as in O2) is
the triplet state with two unpaired electrons. From DFT, the
singlet state is 0.54 eV (or 0.27 eV per S atom) less stable than
the triplet state. On the other hand, for dissociated S atoms
adsorbed on the surface, the ground state is generally not spin-
polarized. Thus, it is important to take into account the
diﬀerent spin properties when calculating the absolute
adsorption energy of S.
Information about Sad−Sad interactions can be extracted from
DFT calculations of the energetics of suitably selected adlayer
conﬁgurations. Some relevant conﬁgurations are shown in
Figure 6 with associated values of μS
r. We regard Figure 6a as a
benchmark conﬁguration that provides the adsorption energy
Figure 4. STM images of (a, b) steps along the [11̅0] and (c) steps
along the [001] direction. All images 10 × 10 nm2.
Figure 5. Baseline energetics (solid circles connected by tie-line) of
regular arrays of Sad. The structure of each calculation is shown with its
corresponding data point. Yellow circles are S atoms, white circles are
Au atoms in their original positions, cyan are Au atoms shifted in
surface restructuring, and gray circles are Au atoms in the layer below.
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or chemical potential when there are no signiﬁcant interactions
between Sad. The conﬁgurations in Figure 6b,c have μS
r that are
very close to Figure 6a, while the conﬁgurations in Figure 6d−f
are about 20 meV less stable. The conﬁgurations in Figure 6g−i
are much less stable, with μS
r at least 50 meV higher than the
benchmark.
We have used this information to construct a rudimentary
lattice-gas (LG) model as follows. All conﬁgurations with μS
r >
−1.28 eV (about 50 meV above the baseline value at θS1×2 = 1/
16 ML) are considered to incorporate strongly repulsive
pairwise interactions. This leads to a set of exclusion rules, in
which the pairs of sites shown by arrows in Figure 6j cannot be
occupied simultaneously. These pairs are described as ﬁrst and
third nearest neighbors (NN) parallel to a row (vertical
arrows), and ﬁrst, second, and third NN crossing a row
(horizontal and diagonal arrows). Notably, second NNs parallel
to a row are still allowed.
Turning now to experiment, STM images are shown in
Figure 7a, b, and d−f for chemisorbed phase coverages of 0.01
to 0.09 ML. Above 0.03 ML, it becomes increasingly common
to ﬁnd pairs of Sad located in second NN sites along a row or
diagonally adjacent or directly adjacent across a trough.
Occupation of all of these pairs of sites is compatible with
the LG model, that is, they are not excluded. Conversely, the
excluded pairs, such as the third NN pair parallel to a row, are
not observed in experiment.
Monte Carlo simulations of the LG model, at 0.02 and 0.08
ML, are shown in Figure 7c and g, respectively. The simulated
adlayer conﬁgurations are qualitatively compatible with the
experimental observations. In particular, the simulation at 0.08
ML contains short chains of Sad in second NN sites parallel to
rows. Similar chains are obvious in experimental data, especially
in Figure 7f. In addition, both the model and the STM data
show pairs of Sad that are directly adjacent (facing) across
troughs.
The DFT results in Figure 6 could be modeled by a more
sophisticated LG with ﬁnite pairwise interactions. However, at
this stage, there are no extensive DFT energetics to validate
such a detailed model (i.e., to determine whether a systematic
cluster expansion approach is necessary) nor enough STM data
to compare with the results.
Diﬀusion Barrier. We use the Nudged Elastic Band (NEB)
method30 to determine the diﬀusion pathways of Sad between
energetically equivalent p3fh sites and the associated potential
energy surface.
In one path, Sad moves parallel to the rows. The energy
variation along this path is shown in Figure 8a. The adatom
moves from the stable p3fh site, through an asymmetric
transition state, to the metastable p3fh site discussed earlier.
Figure 6. Conﬁgurations of chemisorbed Sad on the (1 × 2), and
associated μS
r values in eV. (a) p(4 × 4)-S, 0.06 ML. (b) p(4 × 2)-S,
0.13 ML. This is also the baseline conﬁguration used in Figure 5 and is
compared with the c(4 × 2) in Table 1. (c) p(2 × 4)-2S, 0.25 ML. (d)
p(2 × 2)-S, 0.13 ML. (e) p(2 × 4)-2S, 0.25 ML. (f) p(2 × 2)-S, 0.25
ML. (g) p(3 × 2)-S, 0.17 ML. (h) p(4 × 2)-2S, 0.25 ML (i) p(4 × 2)-
S, 0.25 ML. (j) Blue arrows show excluded pairs of adsorption sites.
Pairwise interactions are indicated by the red arrows in (c−f).
Figure 7. STM images and Monte Carlo simulation snapshots of the lattice gas model described in the text for the chemisorbed phase. All STM
images are 10 × 10 nm2, and simulation snapshots are scaled to be approximately the same size. (a) θS
1×2 = 0.01 ML. (b) θS
1×2 = 0.02 ML. (c) Monte
Carlo simulation for θS
1×2 = 0.02 ML. (d) θS
1×2 = 0.03 ML. (e) θS
1×2 = 0.04 ML. (f) θS
1×2 = 0.09 ML. (g) Monte Carlo simulation for θS
1×2 = 0.08
ML.
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Averaging over L = 5−8, the diﬀusion barrier is Ed = 0.605(8)
eV.
In another path, Sad moves perpendicular to the rows. This
can be broken down into two parts. The ﬁrst, motion over tops
of rows, is shown in Figure 8b. In the transition state, Sad is at
the 2-fold bridge site atop the row, and Ed = 0.50(1) eV. The
second part, motion across troughs, is represented in Figure 8c.
This diﬀusion path is complex, with more than one metastable
state. The energy landscape is relatively ﬂat when Sad is close to
the middle of the trough. For this path, Ed = 0.78(1) eV.
From this information, diﬀusion parallel to the rows has a
signiﬁcantly lower barrier than diﬀusion perpendicular to the
rows. However, local hopping of Sad across the top of a row has
an even lower barrier and, hence, is most easily activated.
Consequently, motion parallel to the rows will be accompanied
by hopping across the top of the row, resulting in a rough
zigzag motion, a combination of Figure 8a and b. While cross-
row hopping cannot contribute directly to long-range transport
parallel to rows, it may contribute to local equilibration of the
adlayer.
If the hop rate is 0.1 s−1 at the temperature (Tf), where Sad
becomes eﬀectively immobilized and the pre-exponential factor
is 1012±1 s−1, then Ed = 0.605 eV means that Tf = 220 ± 20 K
for diﬀusion along the rows. Similarly, Ed = 0.78 eV yields Tf =
280 ± 20 K for diﬀusion perpendicular to the rows. This rough
estimate of Tf shows that immobilization takes place well above
the temperature of observation, 5 K, but below the temperature
of adsorption, 300 K.
3.3. c(4 × 2) Phase. Experimental Observations. The c(4
× 2) phase, shown in Figure 2d−f, coexists with the
chemisorbed phase when the coverage on the (1 × 2) regions
exceeds 0.03 ML. The c(4 × 2) always exists in the form of
large, near-perfect domains. This is illustrated by the regions of
c(4 × 2) phase shown in Figure 2d−f and by the even larger
regions, up to 30 × 30 nm2, shown in Figure 9a,b. We never
ﬁnd smaller c(4 × 2) islands that would be the natural signature
of a nucleation and growth process. The degree of perfection is
illustrated by the high-magniﬁcation images in Figure 9c,d.
The sulfur coverage on the (1 × 2) regions is 0.06 ± 0.03
ML when c(4 × 2) domains are present. Thus, the c(4 × 2)
phase coexists with a low coverage of sulfur in the chemisorbed
phase. Similarly, Kostelitz et al.12 reported that the c(4 × 2)
phase emerged at a low sulfur coverage of 0.08 ML at 300 K.
Model for the c(4 × 2) Structure. We have carried out an
extensive DFT-based search for structures that are both
energetically competitive with the chemisorbed phase at low
coverage, and compatible with the observed STM images.
Figure 8. NEB results for diﬀusion pathways of Sad, using (12 × 12 ×
1) k-points grid. In each panel, energy is plotted as a function of
reaction coordinate for the ﬁrst half of the symmetric path between
energetically equivalent p3fh sites. Each panel has a framed inset with
an arrow showing the net displacement for the total path. (a) Diﬀusion
parallel to a row, L = 7. (b) Diﬀusion perpendicular to a row, across
the top of a row, L = 7. (c) Diﬀusion perpendicular to a row, across a
trough, L = 5.
Figure 9. STM images of the c(4 × 2) phase. (a) Diﬀerentiated image
of c(4 × 2) domains on two terraces, 30 × 30 nm2. (b) Diﬀerentiated
image of c(4 × 2) region, encompassing a step edge on the far right
side, 30 × 30 nm2. (c, d) Topographic STM images of the c(4 × 2), 10
× 10 nm2.
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Among these, the conﬁguration shown in Figure 10a, with ideal
coverage 0.25 ML, emerges as a uniquely strong candidate.
With μS
r = −1.338(6) eV, represented by the open diamond in
Figure 5, it is more stable than the p(2 × 2) conﬁguration of
the chemisorbed phase, which is the benchmark at this
coverage. It is even more stable than the p(4 × 4) conﬁguration
of the chemisorbed phase at a sulfur coverage of 0.06 ML,
where μS
r = −1.320(8) eV at 0 K.
The simulated STM image in Figure 10b is also a good
match with experiment, shown at appropriate scale in Figure
10c. In this model, the bright spots are Sad, following the usual
trend in STM images with adsorbed sulfur.5,6,22 In both the
simulation and the experiment, faint lines of intensity connect
the bright spots along the diagonals but not along the
horizontal directions. According to the model of Figure 10a,
these faint lines correspond to lines of coplanar Au atoms (blue
circles) that are diagonally, but not horizontally, contiguous.
Their presence in both experiment and theory provides further
evidence in favor of this model.
In the model in Figure 10a, Sad occupies p4fh sites created by
surface reconstruction. This reconstruction’s relation to the (1
× 2) structure is shown in Figure 11. Considering ﬁrst only the
surface without Sad, the reconstruction in Figure 11b forms
when one of the rows of Au in the (1 × 2) second layer rises
and the adjacent top row drops lower, so that both become
coplanar. This new pair of top rows (blue) also shift laterally,
covering a small subsurface void visible in the side view of
Figure 11b. From the top view it can be seen that the pair of
rows creates a strip of p4fh sites, so we call this the “strip”
reconstruction. A further rearrangement is shown in Figure 11c,
where alternating pairs of atomic rows shift along the [001]
direction. This creates a c(4 × 2) structure and preserves all of
the coplanar p4fh sites. We call this the “checkerboard”
reconstruction.
The formation energies of the reconstructions in Figure
11b,c are positive, consistent with their absence on real, clean
surfaces. However, the checkerboard reconstruction, when
decorated with Sad in the p4fh sites (deﬁned by the blue circles
in Figure 11c), is the observed c(4 × 2). Its stability derives, at
least in part, from the presence of p4fh sites for sulfur
adsorption, whereas only p3fh sites are available in the (1 × 2)
reconstruction. By this argument alone, the strip reconstruction
in Figure 11b should also be stabilized by sulfur adsorption, but
it is not. Its chemical potential when decorated with 0.25 ML of
Sad [forming a p(2 × 2)] is represented by the asterisk in Figure
5. It is far less stable (by 0.128 eV) than the c(4 × 2), and it is
also less stable than Sad on the (1 × 2) at the same coverage. At
present the reason for its relative instability is unclear.
It is also informative to compare the S-decorated checker-
board structure with an alternate c(4 × 2) structure, also with
0.25 ML Sad. Here, Sad sits in the middle of four Au atoms in an
unreconstructed (110) surface, as shown in Figure 12a. While
the simulated STM image is reasonable, the value of μS
r is 0.704
eV higher than that of the checkerboard c(4 × 2). Closer
inspection of the geometry shows that Sad only bonds strongly
with the Au atom directly beneath it; it is too far from the four
Au atoms surrounding it.
To increase the Au bonding with Sad, we move the four Au
atoms closer together. The resulting DFT-optimized conﬁg-
uration is shown in Figure 12b. It is even less favorable
energetically. Furthermore, the density of Au atoms is not the
same as the (1 × 2) phase. However, the favored c(4 × 2)
structure can be generated from the structure of Figure 12b,
simply by adding two Au atoms in each space between the
topmost Au rectangles and allowing relaxation. The added Au
Figure 10. Structure of the c(4 × 2). (a) DFT model of the c(4 × 2).
The color scheme is the same as described for Figure 5. (b) Simulated
STM image of (a). (c) Experimental STM image of the c(4 × 2), 1.9 ×
2.4 nm2.
Figure 11. Optimized conﬁgurations of the clean surface. In each case,
the formation energy, Ef, is divided by the area of the surface unit cell
to enable direct comparison of stabilities between panels, using
numerical values shown (in eV). This quantity, Ef per unit area, can
also be thought of as the change in surface energy relative to a baseline
structure which, in this case, is the (1 × 1). (a) (1 × 2) missing row
reconstruction. Red rectangle shows the surface unit cell. (b) (1 × 2)
strip reconstruction. (c) c(4 × 2) checkerboard reconstruction. Red
rhombus shows the primitive surface unit cell.
Figure 12. Optimized conﬁgurations of two c(4 × 2) structures,
diﬀerent than the checkerboard model, both closely related to the
unreconstructed Au structure. The color scheme is the same as
described for Figure 5.
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atoms would correspond to the white circles in Figure 10a or
Figure 11c.
We have also evaluated candidates for the c(4 × 2) phase
that have ideal coverages above 0.25 ML, although our
exploration of this higher-coverage range is more limited.
Several candidates are shown in Figure 13, with ideal coverages
of 1.0, 0.75, and 0.5 ML. At a given coverage, there is always a
conﬁguration that is more stable than the best c(4 × 2)
conﬁguration. For example, at 0.75 ML, Figure 13d is the DFT
energy-optimized structure for the model proposed by Kosteliz
et al.12 The chemical potential is not competitive with the
alternative model in Figure 13c (nor with the baseline model at
that coverage in Figure 5). Figure 13f is a modiﬁcation of
Kosteliz et al.’s model, but with two sulfur atoms instead of
three in a c(4 × 2) unit cell. It is also not competitive.
Comparison of Approximations in DFT. The stability of the
c(4 × 2) reconstruction, relative to the chemisorbed phase, has
been checked using diﬀerent approximations in DFT. Table 1
shows μS
u for the chemisorbed p(2 × 2) and the c(4 × 2)
reconstruction, both of which have coverage of 0.25 ML, for a
variety of approximations. For reasons of eﬃciency and
numerical accuracy, these values of μS were calculated with
respect to the unreconstructed surface phase of Au. More
speciﬁcally, the c(4 × 2) supercell does not allow for (1 × 2)
missing-row reconstruction. Therefore, calculating μS with
respect to the reconstructed surface must involve energetics
from diﬀerent supercells, and this approach requires more
stringent convergence conditions. Hence, it is more straightfor-
ward and more accurate to make these particular comparisons
using μS
u rather than μS
r (see also Supporting Information).
It can be seen that the c(4 × 2) phase is more stable than the
chemisorbed phase, for all approximations except the LDA and
PBEsol. In fact, the c(4 × 2) phase is most favored, by as much
as 0.045 eV, when van der Waals interactions are included. We
conclude that this result is quite robust.
Domain Boundary. The c(4 × 2) domains are notable for
their high level of perfection. However, on one occasion we
observed the boundary between two coplanar regions shown in
Figure 14a. The two domains are displaced by 1a1 and 1.5a2.
The boundary consists of linear segments at angles of 0° or
±33 ± 1° to the [11 ̅0]. The segments parallel to the [11̅0] have
a zipper-like appearance. One is shown close up in Figure 14b.
The model in Figure 14c yields a simulated STM image (Figure
14d) that compares well with experiment. In fact, the model is
patched into the middle of the STM image in Figure 14e. The
boundaries at ±33° are not equivalent, being either bright
(+33°, Figure 14f) or dark (−33°, Figure 14i). In each case, a
structural model provides a reasonable match to the
experimental data, as shown. We note that the images are
dominated by the bright sulfur adatoms, so the positions of the
Au atoms, especially in the ±33° boundaries, are not necessarily
unique. Nonetheless, the compatibility of the proposed model
for the c(4 × 2), with all of the experimental domain
boundaries, supports the validity of this model.
4. DISCUSSION
The most important result from this work is the observation
and identiﬁcation of the c(4 × 2) phase. Under the conditions
of our experiments, it coexists with Sad in a dilute, disordered,
chemisorbed phase on the (1 × 2) reconstruction. Below, we
discuss the chemisorbed phase ﬁrst, then the c(4 × 2) phase,
and the relation between the two.
The adsorption site in the chemisorbed phase is a p3fh site
created by 2 Au atoms in the top of a row, and 1 Au atom on
the side of the (111) microfacet (trough). Our work is the ﬁrst
observation of Sad via STM in this phase. It reinforces an earlier
identiﬁcation of this same adsorption site in a p(4 × 2)
chemisorbed phase that was produced under conditions
signiﬁcantly diﬀerent from ours.15 Also, Sad occupies the
identical adsorption site in a p1g1(2 × 2) chemisorbed phase
on Ir(110)-(1 × 2),34,35 a substrate that is structurally similar to
Au(110)-(1 × 2). This stands in contrast to earlier conjectures,
which placed Sad at the bottom of the trough on (1 × 2)
reconstructed surfaces,14,34 analogous to its known site on (1 ×
1) surfaces.36−39
The p3fh site adopted on the Au(110)-(1 × 2) surface is
crystallographically similar to an fcc site on an extended (111)
surface. We ﬁnd that the next-most-stable site is a p3fh site
Figure 13. Structure, simulated STM, and μS
u for selected
conﬁgurations with c(4 × 2) periodicity and with diﬀerent sulfur
coverage.
Table 1. Chemical Potentials, μS
u, for the p(2 × 2) Conﬁguration of S/(1 × 2) and for the c(4 × 2) Reconstruction; Both are
Illustrated in Figure 5, at θS = 0.25
surface phase for which μS
u is given LDA PBE21 PBEsol31 optPBE-vdW32,33 optB88-vdW32,33
p(2 × 2) −2.141(10) −1.544(7) −1.866(9) −1.555(6) −1.636(6)
c(4 × 2) −2.131(4) −1.560(3) −1.840(4) −1.601(8) −1.678(3)
diﬀerence (Δμ) −0.010 +0.016 −0.023 +0.046 +0.042
lattice constant, nm 0.4052 0.4158 0.4082 0.4182 0.4161
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equivalent to an hcp site. This order of site preferences, fcc >
hcp, is the same as that on an extended Au(111) surface.29,40,41
The occupation of a single adsorption site means that the
chemisorbed, equilibrated phase can be described as a lattice
gas (LG). We have constructed a rudimentary LG model based
on excluded pairs of sites determined from DFT. The set of
excluded pairs of sites agrees well with the STM observations.
Monte Carlo simulation then provides a reasonable qualitative
match with the experimental data, although both the model and
the data are too limited for quantitative analysis.
Because equilibration requires diﬀusion, we have calculated
diﬀusion barriers and diﬀusion pathways for this system, using
NEB and DFT. The magnitudes of the barriers allow us to
estimate that parallel diﬀusion stops at about 220 K, and
perpendicular diﬀusion at 280 K, which is compatible with the
assumption that the STM images represent equilibrated
conﬁgurations (Section 3.2). Furthermore, the results are a
new contribution, since diﬀusion of nonmetallic adsorbates on
anisotropic fcc(110) surfaces has received little attention, either
experimental or theoretical. By contrast, a signiﬁcant body of
data exists for metallic adatom and cluster diﬀusion on
surfaces.42 For metal adatoms, hopping parallel to the rows is
usually easier than hopping perpendicular to the rows (barring
exchange). This is because perpendicular diﬀusion requires
hopping over the low-coordinated metal atoms at the tops of
rows. But for Sad diﬀusion on Au(110)-(1 × 2), we ﬁnd that
hopping over the tops of rows (Figure 8b) has the lowest
barrier, lower than hopping parallel to rows (Figure 8a) or even
across troughs (Figure 8c). Another interesting observation is
that the diﬀusion pathway across the trough is complex. The Sad
ﬁrst moves parallel to the row, then crosses the trough, then
moves parallel to the row again to reach an equivalent site.
Turning now to the c(4 × 2) phase, in this paper we propose
a new structural model. Its ideal coverage is 0.25 ML. It is a
displacive reconstruction in which p4fh sites are created for Sad.
The experimental data strongly support a displacive phase (in
which the Au atom density is preserved and only local
displacements occur), since the c(4 × 2) phase is perfect over
large scales. The model also provides a very good match with
experimental STM images, not only for the extended perfect
structure (where it even reproduces faint features due to
diagonally contiguous Au atoms), but also for a domain
boundary between c(4 × 2) regions. From DFT, it is more
stable than the corresponding chemisorbed phase at 0.25 ML.
This conclusion has been tested and validated for a variety of
diﬀerent functionals in DFT, including two that incorporate van
der Waals interactions. The conclusion is not supported with a
lower-level functional, LDA, nor with PBEsol, which is known
to give worse results for adsorbate systems than for pure metal
surfaces.43
In fact, from DFT, the c(4 × 2) is energetically favored over
the chemisorbed phase even at much lower coverage. From
Figure 5, μS
u for the c(4 × 2) phase falls below the value for the
chemisorbed phase at 0.06 ML. The data in Figure 5 are valid
only at T = 0 K, and at real temperatures, the chemical potential
also includes an entropic term. The conﬁgurational entropy of
the chemisorbed phase is clearly higher than that of the c(4 ×
2) phase. Thus, as T increases, the entropic term will drive μS
u
lower for both phases, but this will occur more strongly for
chemisorbed sulfur than for the c(4 × 2) phase. Nonetheless,
the DFT result is in accord with experiment, where the
coverage of sulfur in the chemisorbed phase is only 0.06 ± 0.03
ML when the two phases coexist. This indicates that entropic
terms may not be too large, at least at the temperature at which
the structures are quenched in the experiments.
The ideal coverage of the c(4 × 2) phase deserves comment.
It is lower than the coverage of the previously accepted model,
a coincidence lattice with ideal coverage of 0.75 ML. In Section
1, we reviewed the existing literature and noted that, from the
calibration of Kostelitz et al.,12 at 300 K, the c(4 × 2) phase
coexists with the chemisorbed phase between 0.08 and 0.36
Figure 14. Domain boundary within the c(4 × 2). (a) STM image
encompassing three orientations of the domain boundary. Regions
chosen for analysis are shown in boxes. (b) STM image of the zipper-
like region parallel to [11̅0]. (c) Structural model for the zipper-like
region. (d) Simulated STM image for the model. (e) Zoom-in of the
zipper in (b) with the simulated STM image overlaid. (f) Transition
region of c(4 × 2) rotated +33° relative to the [11 ̅0] direction. (g)
Structural model for the transition region shown in (f). (h) Simulated
STM image of (g). (i) Transition region of c(4 × 2) rotated −33°
relative to the [11 ̅0] direction. (j) Structural model for (i). (k)
Simulated image for (j).
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ML, exists alone between 0.36 and 0.54 ML, and disappears by
0.6 ML. Reconciling our model with these values is
problematic. A downward adjustment by (roughly) a factor of
2 would bring the earlier values into alignment with the new
model, but the justiﬁcation for such an adjustment is unclear.
Another explanation could be that there are two stable c(4 × 2)
phases, one having coverage above 0.25 ML, but from our
exploration of higher-coverage structures via DFT (Figure 13),
this is unlikely.
Coexistence between phases is evidence of a ﬁrst-order
transition, for which nucleation-and-growth is expected.
However, we observe c(4 × 2) domains with a size and degree
of perfection that are unexpected for such a process, at least at
the moderate temperature of 300 K employed here. We
postulate that the two-dimensional interfacial energy between
c(4 × 2) and (1 × 2) phases is very high, so that small regions
of c(4 × 2) phase are unstable. Thus, the critical size is large,
leading to the large domain sizes observed.
5. CONCLUSIONS
The main result of this work is the direct observation of the c(4
× 2) phase of sulfur on Au(110) with STM and its structural
assignment with DFT. Experimentally, we ﬁnd that the c(4 ×
2) phase presents as large and near-perfect domains, in
coexistence with a low coverage (0.06 ± 0.03 ML) of
chemisorbed phase on the (1 × 2) reconstructed Au surface.
From DFT, a uniquely strong structural candidate emerges: A
checkerboard reconstruction, with an ideal coverage of 0.25
ML, which can be achieved by short-range displacements of Au
atoms from the (1 × 2) structure. This contrasts an earlier
model with ideal coverage of 0.75 ML. We posit that the large
domain size reﬂects high interfacial energy between the c(4 ×
2) and the (1 × 2) phases.
In the chemisorbed phase, Sad occupies a p3fh site along the
side of the troughs. The barriers for long-range transport
perpendicular and parallel to the rows are 0.61 and 0.78 eV,
respectively, from nudged-elastic-band calculations. DFT is
used to construct a simple lattice gas model based on pairs of
excluded sites. The set of excluded sites is in good qualitative
agreement with STM data.
■ ASSOCIATED CONTENT
*S Supporting Information
A record of tunneling conditions and coverages for the images
presented here. This material also includes a section on the
deﬁnition and implementation of the chemical potential and
formation energy and a section that shows many of the
alternate structures considered in the DFT work. The
Supporting Information is available free of charge on the






∥University College London, London WC1E 6BT, United
Kingdom (H.J.Y.).
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
The experimental component of this work was supported by
three sources. From the U.S., it was NSF Grant CHE-1111500.
From Japan, support was provided by a Grant-in-Aid for
Scientiﬁc Research on Priority Areas “Electron Transport
through a Linked Molecule in Nano-Scale”; and a Grant-in-Aid
for Scientiﬁc Research(S) “Single Molecule Spectroscopy Using
Probe Microscope” from the Ministry of Education, Culture,
Sports, Science, and Technology (MEXT). The theoretical
component of this work was supported by the Division of
Chemical Sciences, Basic Energy Sciences, U.S. Department of
Energy (USDOE), and it utilized resources of the National
Energy Research Scientiﬁc Computing Center, which is
supported by the Oﬃce of Science of the U.S. Department of
Energy (Contract No. DE-AC02-05CH11231). We thank Maki
Kawai and Noriaki Takagi for loaning the Au(110) sample to
us, and we thank Shota Kawahara and Kensuke Kimura for their
assistance in preparing the sample for experiments.
■ REFERENCES
(1) Daniel, M. C.; Astruc, D. Gold Nanoparticles: Assembly,
Supramolecular Chemistry, Quantum-Size-Related Properties, and
Applications toward Biology, Catalysis, and Nanotechnology. Chem.
Rev. 2004, 104, 293−346.
(2) Fan, Y.; Long, Y. F.; Li, Y. F. A Sensitive Resonance Light
Scattering Spectrometry of Trace Hg2+ with Sulfur Ion Modified Gold
Nanoparticles. Anal. Chim. Acta 2009, 653, 207−211.
(3) Pensa, E.; Cortes, E.; Corthey, G.; Carro, P.; Vericat, C.;
Fonticelli, M. H.; Benitez, G.; Rubert, A. A.; Salvarezza, R. C. The
Chemistry of the Sulfur-Gold Interface: In Search of a Unified Model.
Acc. Chem. Res. 2012, 45, 1183−1192.
(4) Thiel, P. A.; Shen, M.; Liu, D.-J.; Evans, J. W. Critical Review:
Adsorbate-Enhanced Transport of Metals on Metal Surfaces: Oxygen
and Sulfur on Coinage Metals. J. Vac. Sci. Technol., A 2010, 28, 1285−
1298.
(5) Walen, H.; Liu, D.-J.; Oh, J.; Lim, H.; Evans, J. W.; Kim, Y.; Thiel,
P. A. Self-Organization of S Adatoms on Au(111): √3R30◦ Rows at
Low Coverage. J. Chem. Phys. 2015, 143, 014704.
(6) Walen, H.; Liu, D.-J.; Oh, J.; Lim, H.; Evans, J. W.; Aikens, C.;
Kim, Y.; Thiel, P. A. Cu2S3 Complex on Cu(111) as a Candidate for
Mass Transport Enhancement. Phys. Rev. B: Condens. Matter Mater.
Phys. 2015, 91, 045426.
(7) Russell, S. M.; Liu, D.-J.; Kawai, M.; Kim, Y.; Thiel, P. A. Low-
Temperature Adsorption of H2S on Ag(111). J. Chem. Phys. 2010, 133,
124705.
(8) Copel, M.; Gustafsson, T. Structure of Au(110) Determined with
Medium-Energy-Ion Scattering. Phys. Rev. Lett. 1986, 57, 723−726.
(9) Ho, K. M.; Bohnen, K. P. Stability of the Missing-Row
Reconstruction on Fcc (110) Transition-Metal Surfaces. Phys. Rev.
Lett. 1987, 59, 1833−1836.
(10) Moritz, W.; Wolf, D. Structure Determination of the
Reconstructed Au(110) Surface. Surf. Sci. 1979, 88, L29−L34.
(11) Moritz, W.; Wolf, D. Multilayer Distortion in the Reconstructed
(110) Surface of Au. Surf. Sci. 1985, 163, L655−L665.
(12) Kostelitz, M.; Domange, J. L.; Oudar, J. ÉTude Par La
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1. Tunneling conditions and coverages for images in the main text  
2. Details about definition and implementation of chemical potential, µ, and 
formation energy, Ef  
3. Summary of µS
u 



















1a 30 x 30 1.00 -1.000 0 
1b 10 x 10 0.97 -0.051 0 
1c 5 x 5 1.75 -0.004 0 
2a 15 x 15 2.06 -0.006 0.013 
2b 15 x 15 1.27 -2.000 0.026 
2c 15 x 15 1.17 -1.000 0.049 
2d 15 x 15 1.00 -0.106 0.037 
2e 15 x 15 1.00 +0.132 0.086 
3a 5 x 5 1.83 -0.028 0.013 
4a 10 x 10 1.00 -0.500 0.086 
4b 10 x 10 0.95 -0.020 0.017 
4c 10 x 10 1.06 -0.047 0.026 
7a 10 x 10 1.01 -0.039 0.013 
7b 10 x 10 0.95 -0.020 0.017 
7d 10 x 10 1.27 -1.000 0.026 
7e 10 x 10 1.00 -0.292 0.037 
7f 10 x 10 3.79 -0.054 0.086 
9a 30 x 30 1.00 -0.200 0.049 
9b 30 x 30 1.00 +0.132 0.086 
9c 10 x 10 1.00 -0.100 0.049 
9d 10 x 10 1.00 -0.159 0.049 
10c 1.9 x 2.4 1.03 +0.075 0.049 
12a 50 x 50 1.00 +1.000 0.086 
12b 10 x 10 1.00 +1.000 0.086 
12e 6 x 5.5 1.00 +1.000 0.086 
12h 6.3 x 7.2 1.00 +1.000 0.086 







2. Details about definition and implementation of chemical potential, µ, and 
formation energy, Ef  
 In order to establish a foundation for µ, we first consider the energetics of the (1x2) 
reconstruction of the clean Au surface. The formation energy Ef (per supercell) with m excess Au 
atoms in each supercell is: 
  Ef = E(slab + mAu) − E(slab) − mµAu     (Eq. SI.1) 
where µAu is the average cohesive energy of a Au atom in the bulk solid. Figure 11(a) shows a 
missing row reconstruction, with formation energy Ef = −0.12 eV, consistent with the well-
known (1x2) surface phase.  
 The stability of a Sad-related structure can be calculated either with respect to the 
unreconstructed or reconstructed surface. For a structure with m Au atoms and n S atoms on top 
of a clean slab, we denote µS
u
 as the chemical potential with respect to the unreconstructed 
surface, and calculate it from DFT using 
 µS
u
(AumSn) = [E(AumSn + slab) − E(slab) − mµAu]/n − E(S2,g)/2          (Eq. SI.2) 
The chemical potential with respect to the (1x2) reconstructed surface can be calculated using 
     µS
r
(AumSn) = [E(AumSn + slab) − E(slab
(1×2)
) − (m − N/2)µAu]/n − E(S2,g)/2    (Eq. SI.3) 
where E(slab
(1×2)
) is the energy of a clean Au(110) surface with (1x2) missing-row 
reconstruction [cf., Fig. 11(a)], and N is the number of surface Au atoms in the supercell (N = 2 
S4 
 
for the (1x2) supercell). The (1x2) missing row structure has N/2 excess Au atoms. The 
relationship between the two µ’s can be obtained from Eq. (A1) by noting E(slab
(1×2)
) = E(slab + 





 + (Ef N) / (2n) = µS
u
 + Ef θS /2    (Eq. SI.4) 
One implication is that the shape of µS(θS) depends upon the choice of µS. If µS
u
 is selected, then 
the energy stabilization due to reconstruction contributes to µS
u
, and this contribution increases 
as supercell size increases. This can obscure variation in µS(θS) which is due to Sad alone.  In 
such a case, µS
r
 may be the preferred parameter, and this is why µS
r
 is chosen in Fig. 5. 
 In other cases, µS
u
 may be preferable. In Eq. SI.3, to reduce numerical errors, it is 
desirable to use E(AumSn + slab) and E(slab
(1×2)
) calculated using the same supercell.  However 
this is generally not possible unless the supercell is commensurate with the (1x2) supercell.  For 
this reason, it is more convenient to use µS
u
 when comparing stability of structures with various 
orderings, as in Fig. 13. 
3. Summary of µS
u 
values for additional S-Au structures studied with DFT 
In this section we report values of µS
u
 of selected configurations, grouped by the 
supercell in which calculations are performed. Note that energetics in the main text are obtained 
using a higher range of slab thickness, L = 7 to 12. Although for some configurations more 
accurate energetics are available, for consistency we report in this section values obtained using 




Figure S1. (1 x 1) cell, averaged over L = 4 to 7, k-points grid (12 x 8 x 1). 
 
 
Figure S2. (2 x 1) supercell, averaged over L = 4 to 7, k-points grid (6 x 8 x 1). 
 
 
Figure S3. (1 x 2) supercell, L = 4 to 7, k-points grid (12 x 4 x 1). 
 
 




Figure S5. (2 x 2) supercell, averaged over L = 4 to 7, k-points grid (6 x 4 x 1). 
 
 





Figure S7. (4 x 2) supercell, averaged over L = 4 to 7, k-points grid (3 x 4 x 1). 
 
 
